
Extended Data Figure 1 | Development and characterization of the PAL-seq
method. a, Optimization of the primer-extension reaction. A 59-radiolabelled
primer was annealed to a single-stranded DNA template containing a (dA)25

tract immediately upstream of the primer-binding site (top schematic).
Two templates (I and II), which differed at the segment immediately 59 of the
poly(dA) tract, were used in the experiments shown. Primer extension was
performed with either Klenow fragment (K, NEB), Klenow fragment lacking
39-to-59 exonuclease activity (K2, NEB), or T4 DNA polymerase (T4, NEB).
Reactions contained the recommended buffer and enzyme concentrations and
a 50:1 molar mixture of dTTP:biotin-16-dUTP at the dTTP concentrations
indicated. In one experiment (centre left), the dTTP concentration was kept
constant, and the concentration of the primer-template duplex was varied
instead. Reactions were incubated for 5 min, unless stated otherwise (bottom
two panels), at the indicated temperature (temp; room temperature, r.t.), then
stopped and in most cases supplemented with a gel-mobility standard (St),
which was a 32P-labelled synthetic oligonucleotide that had four extra dT
residues appended to the intended full-length primer-extension product (P).
Products were resolved on denaturing polyacrylamide gels, alongside a size
ladder (L), which was a mixture of 32P-labelled oligonucleotides that differed
from the full-length primer-extension product by 21, 0, 11, 12, 13 and
14 dTs (three of these are indicated as 11, 12, 13), and visualized using a

phosphorimager. Full-length extension without additional untemplated
nucleotides was favoured by using Klenow fragment at 37 uC with very low
dTTP concentrations (upper right panel and bottom two panels). Under
these conditions the product did not change with prolonged reaction times
(bottom). b, Poly(A)-tail lengths of the synthetic standards. Poly(A) tails .10
nucleotides retained some length heterogeneity generated during their
enzymatic synthesis. To determine the actual poly(A) lengths of the
barcode-poly(A) RNAs used to generate the standards, each RNA was
33P-labelled at its 59 terminus and analysed on denaturing polyacrylamide gels
under conditions that enabled single-nucleotide resolution. The values to
the right of each panel indicate the modes and approximate ranges of the
poly(A) tail lengths (after accounting for the 10-nucleotide barcodes). Also
shown are marker lanes with 33P-labelled Century Plus ladder (C, Ambion),
33P-labelled Decade ladder (D, Ambion) and a partial base-hydrolysis ladder of
the labelled barcode-poly(A) RNA used to make the 324-nucleotide standard
of mix 2 (OH). c, The relative PAL-seq yield of each poly(A)-length standard.
For each standard in the indicated mix, the yield of poly(A) tags relative
to that of the A10 standard is plotted, after normalizing to the starting ratio
determined from analysis of 59-labelled mix on a denaturing polyacrylamide
gel. Box plots show the distribution of yields for 32 PAL-seq libraries (line,
median; box, 25th and 75th percentiles; whiskers, 10th and 90th percentiles).



Extended Data Figure 2 | Validation of PAL-seq performance. a, Evidence
against non-specific RNA degradation. Plotted are nucleotide identities at the
positions immediately upstream of poly(A) tags that both mapped uniquely
to the genome (or standards) and ranged from 22–30 nucleotides in length
(a range chosen to be long enough to enable mostly unique mapping to the
genome, yet short enough to include enough 59 adaptor nucleotides in a
36-nucleotide read to clearly identify the 59 end of the tag). Frequencies were
normalized to the aggregate nucleotide composition of positions 23–31 in
either uniquely genome- or standard-mapping tags that extended the full
length of the reads (36 nucleotides). Because RNase T1 cuts after Gs, the
nucleotide preceding each 22–30-nucleotide tag was expected to be G, unless
the mRNA had been cut for some other reason. The high frequency of G
indicated that most mRNA fragments had not been cut for other reasons, which
also implied that for these samples the poly(A) tails had also remained intact.
We are unable to explain the high signal for an upstream U or C in some
samples. Nonetheless, the frequency of an upstream A was low, which indicated

that there had been little cleavage after As, again implying that the poly(A) tails
had remained intact. In the A. thaliana leaf analysis, for which the raw reads
had the first base removed, estimation of RNA integrity was performed with
length ranges shortened by one nucleotide (for example, informative poly(A)
tags were 21–29 nucleotides long). b, Consistent results from similar samples or
biological replicates. Plotted are the relationships between average poly(A)-tail
lengths generated using HeLa total RNA or RNA from a cytoplasmically
enriched lysate (left), between average poly(A)-tail lengths generated using
S. cerevisiae total RNA or RNA from a cytoplasmically enriched lysate
(sample 1 and 2, respectively; middle), and between average poly(A)-tail
lengths generated using cytoplasmically enriched lysates from two different
3T3 cell lines (right). Although the 3T3 lines were each engineered to express
a miRNA (either miR-1 or miR-155), the miRNA was not induced
in the cells used for this comparison. NM_001007026 fell outside the plot
for HeLa, and YDL080C fell outside the plot for yeast.



Extended Data Figure 3 | Discrepancies between the results of PAL-seq and
those of previous methods. a, Comparison of S. cerevisiae poly(A)-tail lengths
measured by PAL-seq on total RNA to the previous results from PASTA
analysis10. Plotted are mean poly(A)-tail lengths measured by PAL-seq for
genes previously classified as having either short or long tails (PASTA-short
and PASTA-long, respectively)10. The vertical dashed lines indicate the mean
for each group as measured by PAL-seq. b, Comparison between PAL-seq
measurements and either PASTA-derived poly(A)-tail ranks in fission yeast11

(left), or results of a related method reporting log ratios of short- and long-tail
fractions in actively dividing 3T3 cells46 (right). c, Schematic of tail-length
measurements using RNA blots. A DNA oligonucleotide or a gapmer
(chimaeric oligonucleotide with DNA flanked by 29-O-methyl-RNA) was
designed to pair near the 39 end of the mRNA. This oligonucleotide directed
RNase H cleavage, thereby generating 39-terminal mRNA fragments with
lengths suitable for high-resolution analysis on RNA blots. Some of each
sample was also incubated with oligo(dT), which directed RNase H removal of
most of the poly(A) tail. Cleavage fragments were resolved on RNA blots and
detected by probing for the inter-oligo region of the mRNA. The average
poly(A)-tail length was calculated as the difference in the average sizes of the
oligo(dT)-minus and oligo(dT)-plus fragments, plus the average number of
residual adenosine residues that remained because of incomplete digestion of
the poly(A) tail (residual As). For each reaction guided by a gene-specific DNA
oligo, the average number of residual adenosines was estimated as half the

difference between the known length of the inter-oligo region and the observed
length of the oligo(dT)-plus fragment. For the two reactions guided by a
gene-specific gapmer (RPL28 and RPS9B), the inter-oligo region extended
through the residues pairing to one of the 29-O-methyl-RNA segments, and
cleavage was assumed to occur across from the most poly(A)-proximal DNA
residue. Thus, the average number of residual adenosines was estimated as
the difference between the length of the inter-oligo region and the observed
length of the oligo(dT)-plus fragment. d, RNA blots used to measure
poly(A)-tail lengths, as described in panel c, with the length information
determined by PAL-seq (on total RNA) and PASTA10 indicated below each blot
for comparison. For each lane, the range of high signal predicted based on
PAL-seq results (Extended Data Fig. 4) is shown as a line next to the blot (with
and without oligo(dT), red and blue, respectively). These predicted sizes took
into account the residual nucleotides flanking the inter-oligo region, using
the migration of the oligo(dT)-plus fragment to estimate the residual
nucleotides on one or both ends as described in panel c. Genes chosen for
analysis were required to be adequately expressed and to have a relatively
homogeneous cleavage and poly(A) site, as determined by 3P-seq (data not
shown). Nonetheless, some genes, such as RPL28, had frequently used
alternative cleavage and poly(A) sites, as reflected by the two ranges marked in
red. A preference was also given to ribosomal protein genes and genes with
contradictory poly(A)-tail lengths when comparing the results of PAL-seq
and PASTA.



Extended Data Figure 4 | The signal distributions for the RNA blots
(Extended Data Fig. 3d) compared with those predicted using PAL-seq.
Predicted traces from PAL-seq accounted for the estimated number of residual
nucleotides flanking the inter-oligo region after RNase H cleavage, as described
(Extended Data Fig. 3c). The offsets added to account for these residual
nucleotides are indicated below each plot. The horizontal dashed lines above
each plot indicate the range of the signal determined by visual inspection of
the RNA blots in Extended Data Fig. 3d (oligo(dT)-plus and minus, red

and blue, respectively). Vertical dashed lines indicate the migration of Decade
markers (Ambion). The vertical axes are in arbitrary units (a.u.). The range of
the high signal predicted based on PAL-seq data (signal exceeding 33% of
the maximum) was determined using these plots and shown on Extended Data
Fig. 3d as vertical lines next to the RNA blots. For some genes, poly(A)-site
heterogeneity caused the signal exceeding 33% to map to noncontiguous
segments.



Extended Data Figure 5 | Relationship between poly(A)-tail length and
changes in gene expression during zebrafish embryogenesis. Changes in

gene expression between the indicated embryonic stages, as measured by RNA-
seq, are plotted in relation to the mean poly(A)-tail length at the latter stage.



Extended Data Figure 6 | Poly(A)-tail lengths of tandem alternative 39-UTR
isoforms. a, Comparison of average poly(A)-tail lengths for proximal (short)
and distal (long) isoforms in the indicated cell lines. Results are plotted for
isoforms that were each represented by $ 25 poly(A) tags and had alternative
poly(A) sites $ 500 nucleotides apart. For genes with more than one isoform
pair meeting these criteria, the pair with poly(A) sites farthest apart was
selected. Points for NM_001007026 and NM_003913 fell outside the boundaries
of the plot for HeLa. P values, x2 test evaluating whether the relationship
between isoform length and tail length differs from that expected by chance.
b, Average poly(A)-tail lengths for proximal and distal 39-UTR isoforms in
2 hpf zebrafish embryos, comparing results for genes that either contain
(red circles), or do not contain (open circles), a CPE anywhere within the region
unique to the distal isoform. A CPE was defined as U12, permitting a single
non-U anywhere within the 12 nucleotides19. For a CPE found in the unique
region to be counted as present, a canonical poly(A) signal (AAUAAA) also

had to exist in the last 30 nucleotides of the distal isoform19,24. For each gene
with a CPE within the region unique to the distal isoform, five genes with
unique distal regions of comparable length ( 6 10%) but lacking a CPE are
also shown. Poly(A) tags from three zebrafish 2 hpf PAL-seq libraries
(mock-, miR-132–, and miR-155–injected) were combined before calculating
average tail length for each isoform. Tandem isoform pairs with a target site for
miR-132 or miR-155 in the region unique to the distal isoform were not
considered. Only genes for which both tandem isoforms had $ 25 poly(A) tags,
and for which the alternative poly(A) sites were 50–500 nucleotides apart, are
plotted. For genes for which isoform choice affected inclusion of a CPE, the
isoform pair representing that gene was chosen as the two isoforms with the
most 59-proximal poly(A) sites that flanked a CPE and satisfied the above
criteria. For the pool of genes from which controls were chosen, two adjacent
isoforms were picked randomly. P value, Fisher’s exact test, comparing genes
with a CPE in the unique region to controls.



Extended Data Figure 7 | Relationship between poly(A)-tail length and
translational efficiency, classifying genes based on CPE content, tail length
or translational efficiency. a, The same data as in Fig. 3a, except genes were
classified based on whether their 39 UTR contained no CPE (grey), one CPE
(blue), or two or more non-overlapping CPEs (red). b, Evidence that the more
restricted tail-length range observed at gastrulation did not substantially impact
the coupling between tail length and translational efficiency. The zebrafish
4 hpf data from Fig. 3a were sampled with replacement so as to have the same
distribution of tail lengths observed at 6 hpf (left). Likewise, the X. laevis stage 9

data were sampled with replacement so as to have the same distribution of tail
lengths observed at stage 12–12.5 (right). c, Box plot as in Fig. 4b for the same
set of genes, with slopes calculated omitting data from the fraction without
bound ribosomes. d, Box plots as in Fig. 4b, creating four equal bins of genes
based on either overall mean poly(A)-tail length (left) or translational efficiency
(right). The same slopes were used as in Fig. 4b, but considering only genes
with a determined translational efficiency value and $ 100 poly(A) tags in the
actively dividing 3T3 sample.



Extended Data Figure 8 | The influence of miRNAs on ribosomes, mRNA
abundance and tails in the early zebrafish embryo. a, The relationship
between changes in tail length at 4 hpf (as determined by PAL-seq) and changes
in mRNA abundance at 6 hpf (as determined by RNA-seq), after injecting
miR-155 (left) or miR-132 (right). Changes observed between miRNA- and
mock-injected embryos are plotted for predicted miRNA target genes
(red, genes with $ 1 cognate miRNA site in their 39 UTR) and control genes
(grey, genes that have no cognate miRNA site yet resemble the targets with
respect to 39-UTR length). Lines indicate mean changes for the respective gene
sets; statistically significant differences between the gene sets for each of the two

parameters are indicated (*P # 0.05; **P , 1024, one-tailed Kolmogorov–
Smirnov test). Because injected miRNAs partially inhibited miR-430–mediated
repression, genes with a site complementary to nucleotides 2–7 of miR-430
were not considered. All data were normalized to the median changes observed
for the controls. b, The relationship between changes in ribosome-protected
fragments (RPFs) and changes in mRNA levels (top), and between changes
in RPFs and changes in tail lengths (bottom) after injecting miR-132. At 2, 4
and 6 hpf, embryos were analysed using ribosome profiling, RNA-seq and
PAL-seq. Plots are as in Fig. 5a.



Extended Data Table 1 | Relationships between poly(A)-tail lengths of orthologous genes in samples from different species (or the same
gene, when the samples are from the same species), and relationships between poly(A)-tail length and the indicated mRNA features

When calculating splice-site density, a pseudocount of one was added to the number of splice sites in an mRNA. For the comparisons between poly(A)-tail length and expression level, mRNA abundances were
measured by RNA-seq; data for HeLa were from ref. 35. For the relationship between poly(A)-tail length and mRNA nuclear-to-cytoplasmic abundance ratio, measurements of nuclear and cytoplasmic mRNA
abundance in HeLa cells were from ref. 47. mRNA half-lives for S. cerevisiae, HeLa and 3T3 mRNAs were from refs 48–55, ref. 56 and ref. 31, respectively.



Extended Data Table 2 | Gene ontology (GO) categories enriched in shorter- or longer-tail genes, as determined by gene set enrichment
analysis (GSEA)57

For each sample, GSEA was performed on genes ranked based on their mean poly(A)-tail length. The normalized enrichment score (NES) and false-discovery rate (Q value) are indicated in parentheses next to each
enriched GO category. A negative NES indicates a category enriched in the shorter-tail genes, whereas a positive value indicates a category enriched in the longer-tail genes. Enriched GO categories were manually
curated to eliminate redundant or uninformative categories.
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